Quantifying material properties of cell monolayers by analyzing integer
  topological defects by Blanch-Mercader, Carles et al.
Quantifying material properties of cell monolayers by analyzing integer topological
defects
Carles Blanch-Mercader,1, 2, ∗ Pau Guillamat,1, ∗ Aure´lien Roux,1, 3, † and Karsten Kruse1, 2, 3, ‡
1Department of Biochemistry, University of Geneva, 1211 Geneva, Switzerland
2Department of Theoretical Physics, University of Geneva, 1211 Geneva, Switzerland
3NCCR Chemical Biology, University of Geneva, 1211 Geneva, Switzerland
In developing organisms, internal cellular processes generate mechanical stresses at the tissue
scale. The resulting deformations depend on the material properties of the tissue, which can ex-
hibit long-ranged orientational order and topological defects. It remains a challenge to determine
these properties on the time scales relevant for developmental processes. Here, we build on the
physics of liquid crystals to determine material parameters of cell monolayers. Specifically, we use
a hydrodynamic description to characterize the stationary states of compressible active polar fluids
around defects. We illustrate our approach by analyzing monolayers of C2C12 cells in small circular
confinements, where they form a single topological defect with integer charge. We find that such
monolayers exert compressive stresses at the defect centers, where localized cell differentiation and
formation of three-dimensional shapes is observed.
Mechanics is essential for understanding morphogene-
sis in developing organisms. Tissues are formed by col-
lections of cells, which move and deform through the ac-
tion of energy-consuming biochemical reactions. Increas-
ing efforts combine experiments and theory to determine
the physical conditions of tissue morphogenesis [1–4].
These include material properties like elasticity and vis-
cosity as well as active stresses, that is, stresses generated
by burning a chemical fuel, which often is Adenosine-
Triphosphate (ATP). However, in a developing organism
the situation is complicated by regulatory processes on
various levels, such that it is often difficult to disentangle
mechanics and chemistry.
In an effort to reduce this mutual dependence, exper-
iments on collections of cells in well-controlled environ-
ments have been developed [5–7]. However, direct mea-
surements of material parameters are rarely feasible on
the time scales associated with developing organisms,
which range from hours to days and longer. Alterna-
tively, material parameters of tissues can be extracted
from in vitro experiments by using theoretical descrip-
tions [8–14]. Two major theoretical approaches have
been used in this context: on one hand, vertex models,
which generalize the descriptions of foams to account for
cellular processes [15–18]; on the other hand, continuum
descriptions, which focus on coarse-grained properties at
the tissue level [19–23]. In spite of the progress made,
a complete characterization of the material properties of
tissues is still lacking.
This holds, in particular, when tissues exhibit orien-
tational order, which results form anisotropies at the
cell level. In this way, tissues acquire properties of liq-
uid crystals [24, 25]. Similar to these materials, tissues
can exhibit topological defects, where orientation is ill-
defined [26]. Recent experiments show that the position
of defects correlates with biological processes essential for
development [27–29]. In the context of liquid crystals,
topological defects have been used to determine material
parameters associated with the orientational degrees of
freedom [30, 31]. In this work, we build on these ideas for
characterizing mechanical properties of cell monolayers.
We confined C2C12 myoblasts to fibronectin-coated
circular domains with radii between 50 µm and 150 µm
that are surrounded by a non-adhesive surface coated
with polyethylene glycol (PEG), Fig. 1a. In the course
of the experiment, the cell number increased by prolif-
eration. For all the time points discussed in this work,
FIG. 1. (color online) Confined C2C12 monolayers. a)
Schematic of the experimental setup. b) Phase-contract im-
age of a spiral in a circular domain of 100 µm radius. c)
Orientational order (left) and velocity fields (right) averaged
over N = 12 spirals. Colors correspond to the polar order pa-
rameter S and speeds, see legend. Gray lines: velocity stream
lines. d) Phase-contrast image of an aster in a circular domain
of 100 µm radius. Scale bar in (b,d): 50 µm.
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2the cells formed a monolayer. Upon reaching confluence,
when cells fully cover a domain, the myoblasts arranged
into spirals, Fig. 1b. In this state, cells approximately
aligned with the domain boundary and exhibited col-
lective rotation around its center, Fig. 1c. In contrast
to some epithelial monolayers [32], the presence of shear
flows in the azimuthal direction, see Fig. S1, suggested
that our system behaved as a viscous fluid on long time
scales. Approximately 20 h after having reached con-
fluence, the spiral changed into an aster, where cells at
the periphery oriented perpendicularly to the boundary,
Fig. 1d. No collective rotation was observed then. In
both asters and spirals, the cells were disorganized at
the center, Fig. 1b,d. Furthermore, both cell arrange-
ments were on average rotationally invariant. For details
on the experimental setup see Ref. [33]
To describe the organization of C2C12 monolayers, we
use the polarization field p with the polar order param-
eter S = |p| that determines the local degree of orien-
tational order similar to liquid crystals [26]. Topological
defects of p are characterized by their charge. It is given
by the number of turns of p along a closed trajectory
around the defect center, where S = 0. Asters and spi-
rals are two examples of defects with charge +1.
In the following, we use a continuum approach to study
integer topological defects of cell monolayers. In addition
to p, we introduce the cell number density n and the ve-
locity field v. Since the time scale associated with the
shear flows [10] is much smaller than the proliferation
time, we consider that the cell number is conserved. In
polar coordinates r and θ and assuming rotational in-
variance as observed experimentally, we have in steady
state
∂r(nvr) +
nvr
r
= 0. (1)
As there is no influx of cells into the circular domain,
that is, vr(r = R) = 0, we have vr(r) = 0 for 0 ≤ r ≤ R.
The typical scales associated with cell flows imply a
Reynolds number Re  1. As a consequence, the con-
servation of momentum reduces to force balance, which
in polar coordinates reads
∂rσ
tot
rr +
σtotrr − σtotθθ
r
= −T0pr (2)
∂rσ
tot
θr +
σtotθr + σ
tot
rθ
r
= ξvθ − T0pθ. (3)
The divergence of the total stress tensor σtot on the left-
hand side is balanced by the monolayer-substrate inter-
action forces on the right-hand side. The latter are com-
posed of viscous friction between the monolayer and the
substrate, which is characterized by the effective friction
coefficient ξ, and an active polar traction force with the
scale set by T0. Even though traction force appears as an
external force in Eqs. (2) and (3), it results from cellular
activity.
We can express the total stress in terms of the velocity
and polarization fields for an active polar fluid by follow-
ing the standard procedure of non-equilibrium thermody-
namics [34, 35]. The total stress can be decomposed into
the Ericksen stress σe and a deviatory part σ. The Erick-
sen stress is a generalization of the hydrostatic pressure
for polar fluids [26]. For the deviatory part, we find
σrr,θθ = ∓1
2
S2 cos(2ψ)ζ∆µ− S2ζ ′′∆µ
± ν
2
S
(
h‖ cos(2ψ)− h⊥ sin(2ψ)
)
+ ν′Sh‖ (4)
σrθ,θr = 2ηvrθ − 1
2
S2 sin(2ψ)ζ∆µ
+
ν
2
S
(
h‖ sin(2ψ) + h⊥ cos(2ψ)
)± Sh⊥
2
, (5)
where the upper (lower) signs correspond to the first (sec-
ond) index pair.
In these equations, the polarization field p is expressed
through the polar order parameter S and the angle
ψ with respect to the radial direction. The molecu-
lar field h is related to the system’s free energy F by
h = −δF/δp. Its components perpendicular and par-
allel to the direction of p are h⊥ and h‖. The non-
vanishing components of the velocity gradient tensor are
vθr = vrθ = (∂rvθ − vθ/r)/2 and η is the shear viscosity.
The mechanical stress is coupled to active processes by
the constants ζ and ζ ′′, where ∆µ is the chemical poten-
tial difference that drives ATP hydrolysis. Finally, the
flow alignment parameters ν and ν′ couple the stress to
h. For details of the derivation, see Ref. [LongArticle].
The corotational convective time derivative DDtp reads
in steady state
h‖
γ
− νSvrθ sin(2ψ) = 0 (6)
h⊥
γ
+ Svrθ (1− ν cos(2ψ)) = 0. (7)
Here, the rotational viscosity γ controls the dissipation
related to reorientation of p. The coupling coefficient ν
between DDtp and the velocity gradient tensor is imposed
by an Onsager relation. Since we assume that ∆µ is
constant, we do not give the expression for the ATP-
hydrolysis rate.
The free energy F = 2pi ∫ R
0
frdr, where f is the free-
energy density, penalizes deviations of the cell number
density from a reference density n0 and deviations of p
from the disordered state with S = 0. In addition, spa-
tial distortions of p are accounted for by the Frank free
energy in the one-constant approximation [26]. Explic-
3itly,
f =
B
2
(
n
n0
− 1
)2
+
χ
2
S2+
K
2
[
(∂rS)
2+ S2(∂rψ)
2+
S2
r2
]
with B, χ, and K being the respective elastic moduli.
By analyzing the organization of p around semi-integer
topological defects, we found that the one-constant ap-
proximation is appropriate for C2C12 monolayers [Lon-
gArticle].
It remains to fix the boundary conditions. Due to ro-
tational invariance of our system and to obtain regular
solutions, we have vθ(r = 0) = 0. At r = R, we con-
sider the absence of mechanical stresses in the azimuthal
direction, σtotθr (r = R) = 0. We focus on defect configu-
rations and thus assume S = 0 in the center and to be
finite at the domain boundary. Without restrictions of
generality, we choose S(r = R) = 1. For the angle ψ, we
impose ∂rψ|r=0,R = 0.
In the following, we apply this framework to topologi-
cal defects in confined myoblast monolayers and thus de-
termine their material parameters. A uniform polariza-
tion angle ψ = ψ0 is a solution to Eq. (7) and is compat-
ible with the boundary conditions. The flow alignment
parameter ν can be obtained from this polarization angle
through the relation ν cos(2ψ0) = 1, see Eq. (7). In our
experiments, we determined the polarization angle by a
tensor structure method [33, 36][LongArticle] for a do-
main with radius 100 µm [33]. For C2C12 monolayers,
we found ν = −1.1 ± 0.3 (mean±std, N=12 domains)
corresponding to ψ0 . 90◦. In passive liquid crystals,
such a value corresponds to rod-shaped molecules, which
is compatible with the elongated shape of C2C12 my-
oblasts. Note that our value is also in the range of values
determined in epithelial monolayers of fly wing discs [37].
To determine the remaining mechanical parameters,
we fit the steady-state solutions of our system to the
polar order S and azimuthal velocity vθ in spirals for
domains with radii R = 50 µm, 100 µm, and 150 µm,
Fig. 2a. The velocity field was measured through particle
image velocimetry [33]. To perform the fits, we first non-
dimensionalize the equations by introducing the length
scale R, the velocity scale K/Rγ, and the energy scale K.
Examples of numerical steady-state solutions to our
equations are given in Fig. 2b-d. The value of S increases
monotonically from the center to the boundary, Fig. 2b.
When flow gradients are small, i.e., |γνvrθ sin(2ψ0)|  χ,
then the polar order is induced by the boundaries in a
layer of size
√K/χ [LongArticle].
The velocity profile depends on the polarization field,
but is also determined by the competition between the
different active and dissipative terms [LongArticle]. For
fixed parameter values of the dissipative terms, the flow
patterns change from a coherent rotation to counterprop-
agating flows as the ratio between traction forces and the
FIG. 2. (color online) Spiral steady-state patterns. a) Profiles
of the polar order parameter S and the velocity components
vr and vθ for myoblast monolayers (mean±sem, N = 12). b)
Theoretical profiles of S for varying values of χ. c,d) Theoret-
ical profiles of vθ for varying ζ∆µ (c) and varying ξ (d). Un-
less stated otherwise parameters are ν = −1.2, ζ∆µ = 10−2,
η = ξ = χ = 1, T0 = 10
−3 in (b,c) and T0 = 0 in (d). The
units are set by K = γ = R = 1.
active stresses is decreased, see Fig. 2c. Note that in all
cases the net torque on the system vanishes. Flows that
are driven by gradients in the active stress decay from the
boundary over a length scale `2 = (η+γ tan(2ψ0)
2/4)/ξ,
see Fig. 2d.
The goodness of our fits is quantified by an error func-
tion defined as
E =
∑
i
|veθ,i − vθ,i|∆ri +
∑
i
|Sei − Si|∆ri. (8)
Here, the superscript ’e’ indicates values averaged over at
least N = 5 experiments, and the index i indicates that
samples are taken at discrete radial positions ri. Fur-
thermore, ∆ri = ri+1 − ri is related to the experimental
spatial resolution and ∆ri ∼ 5 µm. There is one param-
eter set that yields the minimal error Emin.
Note that in the experiments shown in Fig. 3, the value
of the polar order parameter S at the boundary depends
on the radius R of the domain. It is currently not clear,
how this dependence arises. Furthermore, S does not
decay to zero in the center of the domain. This could be
due to our experimental resolution. For simplicity, in our
theory, we refrained from considering these effects. To
account for the various sources of variability, we consider
regions of parameter sets with an error E < 1.1Emin to
be acceptable.
4T0(Pa) ζ∆µ(kPa µm) η(kPa h µm) ξ(Pa h/µm)
√K/χ(µm) ν B/n0(kPa µm3) ntot(10−3 µm−2)
< 600± 60 48± 4 34± 8 < 40± 20 > 50 −1.1± 0.3 4600± 800 8.2± 0.5
TABLE I. Table of material parameters for active stress dominated solutions in Figs. 3, 4. For converting 3d material properties
into 2d material properties, we used a height of 10 µm for the cell monolayer.
We systematically scanned the parameter space and,
by applying our goodness criterion, discovered two dis-
tinct regions in parameter space that are compatible with
the polarization and azimuthal velocity fields in spirals
of C2C12 monolayers [LongArticle]. The mean fits to S
and vθ are shown in Fig. 3. In both regions the penetra-
tion length of the polar order field is comparable to or
larger than the size of the confinement R, which is con-
sistent with having a single integer defect. In contrast,
the solutions differ in the dominant active and dissipa-
tive mechanisms: In one region, substrate interactions
dominate flow generation, whereas in the other region,
gradients of active stresses are the main driving force.
A further difference between the two regions lies in the
mechanics of asters. To study asters in our framework,
we set ψ0 = 0 and kept the other parameter values. In the
traction force dominated region, the cell number density
increases from the center to the periphery of the confine-
ment, whereas the opposite behavior is obtained in the
active stress dominated region, see Fig. 4a. In our ex-
periments on asters, the cell number density was larger
in the center than at the periphery, see Fig. 4a. This
favored the stress gradient dominated regime.
This result suggests that there is cell compression in
the center of asters, which agrees with the force density
obtained in our numerical solution [LongArticle]. To di-
FIG. 3. (color online) Theoretical fits to experimental data.
a) Polar order parameter S and b) azimuthal velocity vθ
as a function of the radial distance r. Averaged experi-
mental profiles (blue, N = 11, 12, 5 for confining domain
radius 50, 100, 150 µm), mean fit in the active-stress domi-
nated (magenta, full lines) and in the traction dominated pa-
rameter region (green, dashed lines). The theoretical curves
are endowed with physical units such that S(R) = 1 and
vθ(R) = 21.4 µm/h for R = 50 µm. Error bars in theoret-
ical fits correspond to std of all values of parameters with
E < 1.1Emin, and experimental curves to sem.
rectly determine the nature of the stress in the center of
asters, we introduced elastic nonadhesive pillars in the
center of the confinement regions [33]. The deformation
of these pillars showed that cells were exerting compres-
sive stresses on these objects, see Fig. 4b. These results
exclude the possibility that traction forces dominate over
active stress gradients in C2C12 monolayers.
The combination of the analysis from the polarization
and velocity fields in spirals, Fig. 3, with the cell number
density and stresses fields in asters, Fig. 4, yield the ma-
terial parameters in the active stress dominated region
listed in Tab. I.
In summary, we have presented a general method for
quantifying material parameters of cell monolayers by an-
alyzing isolated topological defects. Small circular con-
finements allowed us to control the position and topolog-
ical charge of these defects. Other techniques could be
used for this purpose, in particular, by micropatterning
the topography of the substrate [38, 39] and by applying
external magnetic fields [40]. These methods allow to
impose spatiotemporal cell orientation patterns, which
in our system were self-organized. Combining these ap-
proaches opens a vast range of possibilities to improve our
quantitative understanding of cell monolayer mechanics.
In our experiments, we observed the formation of
mounds as the cell number density continued to increase
after aster formation [33]. Depending on intracellular
properties, cells in the center of the mound either differ-
FIG. 4. (color online) Theoretical fits of steady-state profiles
for asters. a) Cell number density n, b) radial force density
as a function of the radial distance r. Averaged experimental
profiles (blue, N = 10 in (a) and N = 3 in (b)), mean fit in
the active-stress dominated (magenta, full lines) and in the
traction dominated parameter region (green, dashed lines).
Parameters are given in Tab. I. We used ζ′′∆µ = 0. Error bars
in theoretical fits correspond to std of all values of parameters
with E < 1.1Emin, and experimental curves to sem.
5entiated or the mound continued to grow in height [33].
In the latter case, multicellular protrusions several hun-
dreds µm tall grew spontaneously out of the cell mono-
layer. These observations highlight the importance of
defects for understanding biological processes and also
provide guiding principles for designing active materials
by self-organization.
We thank Zena Hadjivasiliou for suggesting the sys-
tematic parameter sampling and Jean-Franc¸ois Joanny
for discussions.
∗ co-first author
† aurelien.roux@unige.ch
‡ karsten.kruse@unige.ch
[1] M. Behrndt, G. Salbreux, P. Campinho, R. Hauschild,
F. Oswald, J. Roensch, S. W. Grill, and C.-P. Heisen-
berg, Science 338, 257 (2012).
[2] R. Etournay, M. Popovic, M. Merkel, A. Nandi,
C. Blasse, B. Aigouy, H. Brandi, G. Myers, G. Salbreux,
F. Juelicher, and S. Eaton, Elife 4 (2015).
[3] K. Doubrovinski, M. Swan, O. Polyakov, and E. F. Wi-
eschaus, Proc Natl Acad Sci USA 114, 1051 (2017).
[4] A. Mongera, P. Rowghanian, H. J. Gustafson, E. Shelton,
D. A. Kealhofer, E. K. Carn, F. Serwane, A. A. Lucio,
J. Giammona, and O. Campa`s, Nature 561, 401 (2018).
[5] B. Ladoux and R.-M. Me`ge, Nat Rev Mol Cell Bio 18,
743 (2017).
[6] V. Hakim and P. Silberzan, Rep. Prog. Phys. 80, 076601
(2017).
[7] P. Roca-Cusachs, V. Conte, and X. Trepat, Nat Cell Biol
19, 742 (2017).
[8] M. Delarue, F. Montel, O. Caen, J. Elgeti, J.-M. Siaugue,
D. Vignjevic, J. Prost, J.-F. Joanny, and G. Cappello,
Phys. Rev. Lett. 110, 138103 (2013).
[9] V. Nier, S. Jain, C. T. Lim, S. Ishihara, B. Ladoux, and
P. Marcq, Biophys J 110, 1625 (2016).
[10] G. Duclos, C. Blanch-Mercader, V. Yashunsky, G. Sal-
breux, J. F. Joanny, J. Prost, and P. Silberzan, Nat
Phys 14, 728 (2018).
[11] S. Tlili, E. Gauquelin, B. Li, O. Cardoso, B. Ladoux,
H. Delanoe¨-Ayari, and F. Graner, R. Soc. open sci. 5,
172421 (2018).
[12] T. P. J. Wyatt, J. Fouchard, A. Lisica, N. Khalilgharibi,
B. Baum, P. Recho, A. J. Kabla, and G. T. Charras,
Nat Mater 19, 109 (2020).
[13] J. Fouchard, T. P. J. Wyatt, A. Proag, A. Lisica,
N. Khalilgharibi, P. Recho, M. Suzanne, A. Kabla, and
G. Charras, Proc Natl Acad Sci USA 117, 9377 (2020).
[14] A. Trushko, I. Di Meglio, A. Merzouki, C. Blanch-
Mercader, S. Abuhattum, J. Guck, K. Alessandri, P. Nas-
soy, K. Kruse, B. Chopard, and A. Roux, bioRxiv , doi:
10.1101/513119.
[15] J. Kaefer, T. Hayashi, A. F. M. Maree, R. W. Carthew,
and F. Graner, Proc Natl Acad Sci USA 104, 18549
(2007).
[16] R. Farhadifar, J.-C. Ro¨per, B. Aigouy, S. Eaton, and
F. Ju¨licher, Current Biology 17, 2095 (2007).
[17] A. Hocˇevar Brezavsˇcˇek, M. Rauzi, M. Leptin, and P. Zi-
herl, Biophys J 103, 1069 (2012).
[18] J.-A. Park, J. H. Kim, D. Bi, J. A. Mitchel, N. T.
Qazvini, K. Tantisira, C. Y. Park, M. McGill, S.-H. Kim,
B. Gweon, J. Notbohm, R. Steward Jr, S. Burger, S. H.
Randell, A. T. Kho, D. T. Tambe, C. Hardin, S. A. Shore,
E. Israel, D. A. Weitz, D. J. Tschumperlin, E. P. Henske,
S. T. Weiss, M. L. Manning, J. P. Butler, J. M. Drazen,
and J. J. Fredberg, Nat Mater 14, 1040 (2015).
[19] A. Goriely and M. Ben Amar, Phys. Rev. Lett. 94, 487
(2005).
[20] T. Bittig, O. Wartlick, A. Kicheva, M. Gonza´lez-Gaita´n,
and F. Ju¨licher, New J Phys 10, 063001 (2008).
[21] E. Hannezo, J. Prost, and J. F. Joanny, Phys. Rev. Lett.
107, 131 (2011).
[22] S. Douezan, K. Guevorkian, R. Naouar, S. Dufour,
D. Cuvelier, and F. Brochard-Wyart, Proc Natl Acad
Sci USA 108, 7315 (2011).
[23] P. Lee and C. Wolgemuth, Phys Rev E Stat Nonlin Soft
Matter Phys 83, 1528 (2011).
[24] H. Gruler, U. Dewald, and M. Eberhardt, Eur. Phys. J.
B 11, 187 (1999).
[25] G. Duclos, S. Garcia, H. G. Yevick, and P. Silberzan,
Soft Matter 10, 2346 (2014).
[26] P. G. de Gennes and J. Prost, The Physics of Liquid
Crystals, 2nd ed., International Series of Monographs on
Physics (Oxford University Press, Oxford, 2002).
[27] T. B. Saw, A. Doostmohammadi, V. Nier, L. Kocgozlu,
S. Thampi, Y. Toyama, P. Marcq, C. T. Lim, J. M. Yeo-
mans, and B. Ladoux, Nature 544, 212 (2017).
[28] K. Kawaguchi, R. Kageyama, and M. Sano, Nature 545,
327 (2017).
[29] Y. Maroudas-Sacks, L. Garion, L. Shani-Zerbib,
A. Livshits, E. Braun, and K. Keren, bioRxiv , doi:
10.1101/2020.03.02.972539.
[30] S. D. Hudson and E. L. Thomas, Phys. Rev. Lett. 62,
1993 (1989).
[31] J. Brugues, J. Igne´s-Mullol, J. Casademunt, and
F. Sague´s, Phys. Rev. Lett. 100, 037801 (2008).
[32] K. Doxzen, S. R. K. Vedula, M. C. Leong, H. Hirata,
N. S. Gov, A. J. Kabla, B. Ladoux, and C. T. Lim,
Integr. Biol. 5, 1026 (2013).
[33] P. Guillamat, C. Blanch-Mercader, K. Kruse, and
A. Roux, submitted (2020).
[34] K. Kruse, J.-F. Joanny, F. Ju¨licher, J. Prost, and
K. Sekimoto, Phys. Rev. Lett. 92, 078101 (2004).
[35] S. Fu¨rthauer, M. Neef, S. W. Grill, K. Kruse, and
F. Ju¨licher, New J Phys 14, 023001 (2012).
[36] Z. Pu¨spo¨ki, M. Storath, D. Sage, and M. Unser, in Fo-
cus on Bio-Image Informatics, edited by W. H. De Vos,
S. Munck, and J.-P. Timmermans (Springer Interna-
tional Publishing, Cham, 2016) pp. 69–93.
[37] B. Aigouy, R. Farhadifar, D. B. Staple, A. Sagner, J.-C.
Roeper, F. Juelicher, and S. Eaton, Cell 142, 773 (2010).
[38] T. Turiv, J. Krieger, G. Babakhanova, H. Yu, S. V.
Shiyanovskii, Q.-H. Wei, M.-H. Kim, and O. D. Lavren-
tovich, Sci Adv 6, eaaz6485 (2020).
[39] K. D. Endresen, M. Kim, and F. Serra,
arXiv:1912.03271.
[40] H. S. Dua, A. Singh, J. A. P. Gomes, P. R. Laibson, L. A.
Donoso, and S. Tyagi, Eye 10, 447 (1996).
